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Abstract Willow shows great promise as a biomass crop and is now used worldwide. However, 
willow is a nutrient and water demanding plant that often requires the use of nitrogen (N) 
fertilizer to maximize growth on poor soils. The intercropping of Salix miyabeana with the 
atmospheric N2-fixing Caragana arborescens on poor soils of the Canadian Prairies could 
provide a portion of the N demand of the willow. The main objectives were to: (1) determine the 
yield potential, N nutrition and water use efficiency (WUE) of willow and caragana grown in 
pure and mixed plantations across a range of soil productivity and (2) assess the extent of 
atmospheric N2-fixation by the caragana within the first rotation in central Saskatchewan. We 
found large differences in willow yields, foliar nitrogen and WUE across the sites. The willow 
yields (1.24 to 15.6 t dry matter ha
-1
 over 4 years) were low compared to northeastern North 
American values and reflect the short and dry summers of the region. The yields were positively 
correlated to foliar N (ranging between 14.3 and 32.4 mg g
-1
), whereas higher WUE (expressed 
as 13C) were not positively correlated to water availability but to higher yields. Caragana N2-
fixation (measured using 
15
N isotope dilution) was not active at the most productive site but up to 
60% of the foliar N was of atmospheric origin at the two other sites. Willow growth increased 
with caragana proportions at the least productive site, which is typical of the benefits of N2-
fixing plants on the growth of other plants on poor soils. At the most productive site, caragana 
decreased the growth of willow early on due to competition for resources, but willow eventually 
shaded caragana to a point of significant canopy decline and dieback. It is therefore more 
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appropriate to intercrop the two species on less productive soils as caragana is more likely to add 
N to the system via N2-fixation and is less likely to be shaded out by willow.   
Keywords Willow · caragana · intercropping · growth · foliar N · atmospheric N2-fixation · 
water use efficiency  
Introduction 
As energy demands increase worldwide over the next few decades, the production of 
woody biomass crops as a renewable energy source is expected to increase as well [17]. Willow 
(Salix) species are commonly used in temperate regions as a short rotation intensive culture 
(SRIC) for bioenergy, wood products and environmental benefits [1, 9, 43]. Willow clones have 
been selected and grown in SRIC in northern temperate regions for more than four decades and 
are well known for their ability to regrow after multiple rotations and produce significant 
biomass in a short time [26, 37].  
The province of Saskatchewan, where this study was conducted, has 20.8 million ha of 
marginal land (classes 4, 5 and 6 under the Canadian Land Inventory) [46] that could be used for 
growing SRIC of willow without having to compete for productive agricultural land intended for 
food production [23]. The potential of SRIC of willow in the Canadian Prairies is therefore 
enormous but studies on SRIC of willow growing on soils characterized by low water and 
nutrient availability are lacking. Adegbidi et al. [3] reported annual removals of 75 to 86 kg N 
ha
-1
 by SRIC of willow grown in New York State. In the Federal Republic of Germany, Jug et al. 
[24] measured annual exports of 92 to 270 kg N ha
-1
, whereas Labrecque et al. [25] and 
Aronsson and Bergström [6] showed potential removal between 100 and 200 kg N ha
-1
 in 
Quebec and Sweden, respectively. Such large N exports could quickly limit the long-term 
productivity of these systems, especially those with low nitrogen (N) availability. Willow species 
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are also water demanding and will likely not perform well in areas where water stress is an issue 
[63]. Soil productivity could be maintained using N based fertilizers and irrigation but the CO2 
footprint associated with such practice and the increased possibility of N2O emissions from the 
soil would considerably depreciate the energy efficiency ratio of the system [10], making it not 
much more efficient than burning fossil fuels.  
The idea of growing willow in the company of a common N2-fixing shrub used for 
shelterbelt in the Canadian Prairies, i.e. Caragana arborescens Lam. (caragana), has been 
proposed as a means to fix atmospheric N, augment soil N availability and transfer it to the 
willow for increased and sustained yields on poor soils. Caragana species are known for their 
capacity to form root nodules, fix atmospheric N and enhance soil N availability [53]. Several 
authors have reported the synergistic effect associated with mixed plantations of a N2-fixing 
tree/shrub species with a non N2-fixing tree/shrub species [15]. Nitrogen availability could 
possibly augment in mixed SRIC and benefit N nutrition of willow and biomass production as a 
whole in the mid-term, especially for N poor sites, and reduce the CO2 footprint of the system by 
lowering the use of N fertilizer for optimum plant growth. Mixed (multiclonal or multispecies) 
systems (e.g. [5] for willow; [11] for poplars) also could address concerns raised about reduced 
biodiversity and productivity losses from pest and disease in willow monocultures [61] or other 
fast growing tree/shrub species. However, the introduction of caragana in SRIC of willow could 
be a challenge because of its invasive nature [20] and potentially low tolerance to coppicing.  
Whether the interactions between willow and caragana favour competition or facilitation 
for resources (e.g. transfer of atmospherically fixed N by the caragana to the willow, better water 
use efficiency) is therefore unknown, nor is the long-term operational feasibility of such a system 
elucidated. To investigate the potential of this association, pure and mixed plantations of willow 
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and caragana were experimentally established in 2007 at three sites in Saskatchewan with 
contrasting soil productivity. The main question addressed with this study was: What is the yield 
potential, nutrition and water use efficiency of willow and caragana grown over a full (4 years) 
rotation in pure and mixed plantations across a range of soil productivity? A second question 
addressed was: What is the extent of atmospheric N fixation by the caragana within the first (2 
years) rotation?  
 
Material and Methods 
Site Description  
The study was carried out in three former agricultural fields in central Saskatchewan, 
Canada; two of them located in the city of Saskatoon (Saskatoon 1 and 2) and a third (Harris) 
located 90 km south west of Saskatoon. General site characteristics and cultural history are 
shown in Table 1. The climate of the region is semi-arid with long cold winters and short but 
warm summers. The soils at Saskatoon 1 and 2 are slightly alkaline with heavy clay and sandy 
clay loam textures, respectively; the soil at Harris is moderately acidic with a loamy sand texture. 
Organic C and extractable NO3
-
 are higher in Saskatoon 1 than the two other sites, whereas the 
variation in C:N ratios is small across the sites.  
 
Experimental Design  
Plantations were established in May 2007 in a randomized complete block design, using 
25 cm willow unrooted cuttings and caragana rooted whips of about 80 cm. Every site had 3 
blocks with the following 5 treatments: monoculture of willow (W; Salix miyabeana Seemen 
(SX64)), monoculture of caragana (C; Caragana arborescens Lam.), intercropping with a 2:1 
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willow:caragana ratio (2W:1C) and intercropping with a 1:1 willow:caragana ratio (1W:1C). 
Sites were first tilled to a depth of approximately 20 cm using a rotary tiller. Cuttings and whips 
were then inserted in the soil to a depth of about 20 cm with a planting dibble in a double row 
design with a spacing of 1.5 m between the double rows, 0.75 m between rows, and 0.60 m inter-
rows, for a density of 14 818 shrubs per hectare. Each treatment/plot in a block contained 36 
shrubs in a 15.75 m
2
 plot. The blocks and the plots were each delineated by a double row buffer 
of willow. See Figure 1 for plot arrangements for the 2W:1C and 1W:1C treatments. The SX64 
willow clone has been demonstrated to be productive and hardy in SRIC in northeastern North 
America [27, 54]. The willow cuttings came from the Woody Biomass Program at the State 
University of New York, whereas the caragana (Ross) was grown at the Agroforestry 
Development Center of Agriculture and Agri-food Canada in Indian Head, Saskatchewan. In 
order to limit soil disturbance, weeds were controlled initially with two applications of 
glyphosate in May and June of 2007 and then weed control was done by hand every two weeks 
until September 2007. Weed control was also required in May and June of 2008, but no weed 
control was required thereafter at any of the sites because of significant shading by the shrubs.  
 
Growth Measurements  
The number of surviving shrubs and stem height of all the shrubs in each plot were 
measured by species at the end of the 2008 growing season. In the fall of 2008, stem diameter at 
30 cm from the soil surface was measured on all the shrubs in the plots. The largest canopy 
diameter [7] was also measured on all the shrubs in the plots. These are small plots and the edge 
effects after one rotation appear to be marginal. As the plantations and root systems mature, 
however, it will be important to sample only centre shrubs. For an estimate of above ground 
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biomass after two growing seasons, 12 shrubs per species per site (i.e. 1 shrub per species per 
plot) were harvested in September 2008. The leaves were separated from the harvested stems. 
Both components were dried at 35ºC for 60 days in a drying room, checked for constant weight 
and then weighed. Small subsamples were then put in an oven for 16 hours at 65ºC to validate 
that the material was completely dry. The weights were calculated on a g shrub
-1
 basis per 
species and are later referred to as "individual willow" or "individual caragana" dry matter 
production. These are reported as leaf, stem and total (leaf+stem) dry matter. The leaf dry weight 
could be slightly underestimated because of few leaves had fallen. In April of 2011, after four 
full seasons of growth, the three plantations were harvested by hand, separated by species and 
weighed in the field for fresh weights at the plot level. Subsamples were then dried as indicated 
above for 30 days. The difference between fresh and dry weights was used to convert fresh stem 
biomass of willow and caragana to dry stem biomass. The plot scale dry weights were then 
converted to ton ha
-1
 and are later referred to as "total" dry matter production. These data were 
also used to calculate individual species dry matter production as a comparison with the dry 
matter data after two years. 
 
Soil Sampling, Monitoring and Analyses 
Three soil samples per plot were collected at a depth of 0–10 cm both before planting 
(early May 2007, after site preparation) and at the end of the second growing season (late 
September to early October 2008). This depth corresponds to where most of the willow and 
caragana fine roots develop. The samples were air-dried at room temperature and then passed 
through a 2-mm mesh.  
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Topsoil water and temperature were measured bimonthly 5 cm below the soil surface at 
the same three locations inside each plot from June to September 2008 using respectively Time 
Domain Reflectometry (FieldScoutTDR300, Spectrum
®
 Technologies, Plainfield, Illinois) and a 
thermocouple thermometer. The three sampling sites were located between four shrubs within 
the double rows. At one of the locations inside each plot, a time series study of mineral N (total 
N, NO3
–
 and NH4
+
) was also conducted. Plant Root Simulator
TM
 probes (PRS
TM 
probes) 
(Western Ag Innovations, Saskatoon, Saskatchewan) were buried vertically on May 31
st
 at 10 cm 
below the soil surface using four pairs of probes per plot to assess NO3
–
 and NH4
+
. During the 
experiment, the PRS
TM 
probes were replaced four times (once every four weeks), which extended 
the sampling period to mid-September. The probes were washed with deionized water 
immediately following removal from the soil. The four pairs were pooled by plot, yielding three 
measurements of total N, NO3
–
 and NH4
+
 per treatment per site. Unlike chemical extractions (e.g. 
KCl extracts also used in this study), which are static indices of nutrient availability at a given 
point in time, the data obtained from the PRS
TM
 probes provide a proxy for nutrient supply rates 
as the resins continuously adsorb charged ionic N species over the burial period [40]. For clarity, 
the mineral N data generated with the PRS
TM 
probes and KCl extracts are hereafter referred to as 
"soil available N" and "soil extractable N", respectively. 
Soil particle size distribution was determined on one sample per plot using the Horiba 
Partica LA–950 Laser Particle Analyzer after pre-treatment with NaOCl to remove organic 
matter as well as (NaPO3)6 and sonication to further breakdown the aggregates and disperse the 
particles. All other soil analyses were performed on all the samples collected (i.e. 3 per plot). 
Soil pH was determined using a 1:2 (w/w) soil:water ratio. Organic C concentration was 
determined on ground samples (<60 µm) by dry combustion at 1100ºC [and after removal of 
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carbonates with HCl vapors] and infrared detection (LECO C632 Analyzer) [65]. Total N 
concentration also was determined on ground samples (<60 µm) by dry combustion at 1150ºC 
and infrared detection (LECO CNS 2000). Exchangeable cations were extracted using an 
unbuffered 0.1 M BaCl2 solution [19]. Soil extracts were filtered (Whatman filters Nº 42) before 
analyzing them for Ca, Mg, K, Na, Mn, Fe and Al concentrations using atomic absorption 
spectrometry. Soil available P was extracted with 0.5 M NaHCO3 solution [38]. The extract 
solution was adjusted to pH 8.5 before measuring PO4
3–
 levels colourimetrically with a 
Technicon Autoanalyser. Soil mineral N, i.e. NO3
–
 and NH4
+
, was extracted with a 2 M KCl 
solution [34], whereas washed PRS
TM 
probes for the time series mineral N study were eluted 
with 0.5 M HCl solution for 60 minutes. Nitrate and NH4
+
 concentrations in the extracts and 
eluates were measured colourimetrically with a Technicon Autoanalyzer.  
 
Foliage Sampling and Analyses 
 Foliage samples from three random shrubs per species within each plot were collected in 
September 2008 in the upper tier of the canopy. The samples were first oven-dried at 65ºC for 24 
hours and then coarsely ground prior to leaf N and C determination using the Leco CNS 2000 
Analyzer. Subsamples were then further ground (<60μm) and a 1.0 ± 0.15 mg subsample was 
analyzed for 
13
C/
12
C and 
15
N/
14
N ratios using a continuous flow isotope ratio mass spectrometer 
interfaced with a RoboPrep Sample Converter (Europa Scientific, Crewe, UK). The working 
standard for 13C determination was lentil (Lens culinaris) straw with a 13C of –27.6‰ relative 
to the PeeDee belemnite standard. The 13C of the sample was calculated as followed:  
1 0 0 0
t a n
t a n1 3 


d a r ds
d a r dss a m p l e
R
RR
C  
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where Rsample  and Rstandard are the ratios of 
13
C/
12
C in the sample and standard, respectively. The 
δ13C value is a reliable integrative measure of water use efficiency (WUE) throughout the 
growing season in dry climates where other environmental factors vary minimally [35, 52]. Our 
sites were located in the semi-arid prairies in a region where potential evapotranspiration exceeds 
precipitation. Variability among other environmental factors were reduced through the use of 
common treatments—including the use of an identical willow clone and caragana—and 
management practices at all sites. The major factor controlling foliar 13C values should 
therefore be soil water availability as affected by site and soil properties and possibly the 
different shrub mixtures.  
The working standard for 
15
N/
14
N was pea grain (atom %
15
N content = 0.36726). The 
deviation of the sample 
15
N/
14
N ratio from that of the atmosphere (15N) was calculated as 
followed:  
1000)1)/(( tan
15  dardssample RRN  
The percentage of 
15
N in the caragana leaves derived from the atmosphere (%Ndfa) was 
estimated using the 
15
N natural abundance method [18]. This method has been used on several 
occasions with leguminous tree/shrub species in natural and managed systems and is said to 
provide more reliable estimates than the acetylene reduction assay [e.g., 16]. Non fixing 
trees/shrubs have positive 15N due to the soil N dominance, whereas the atmospheric N 
captured by the N2-fixing trees/shrubs dilutes the 
15
N, yielding negative values. The deviation 
between foliar willow and caragana 15N values was therefore used to calculate the %Ndfa in the 
caragana as followed:  

%Ndfa   
15N0 
15
Nt
15N0 
15Na





1000 
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where 15N0 refers to the non fixing reference willow grown in monoculture, 
15
Nt refers to the 
N2-fixing caragana and 
15
Na refers to the N2-fixing caragana inoculated with 5 different strains 
of mesorhizobium and grown for 90 days in a N-free environment [22]. The 15N of leaves 
collected from the inoculated caragana ranged from -2.58 to -0.66. All mesorhizobium strains 
also augmented the allocation of N into the leaves. We used the average of -1.66 for 15Na.   
 
Data Analysis 
Analysis of variance (ANOVA) with the Holm-Sidak test was used to test for site 
differences and treatment effects on growth variables as well as foliar variables. Means of the 
samples in each plot were used for statistical analyses. These were analyzed with treatment and 
site as sources of variation. No data transformation was necessary to meet the requirements of 
normality of the residuals and equal variance. Considering the lower degrees of freedom, 
statistical significance was accepted at  = 0.10 to avoid not detecting a difference occurring in 
nature (type II error) [31]. We referred to as "marginally significant" when  was between 0.05 
and 0.10. Site and treatment effects using a repeated-measures ANOVA were not tested on time-
series soil data (i.e. temperature, soil water and available N) as normality of the residuals or 
equal variance could not be achieved. However, monthly effects were assessed by site 
individually. Statistical analyses were performed with the SigmaStat 4.0 module in SigmaPlot 12 
(Systat Software Inc., San Jose, California).  
 
Results   
Site effects. Willow survival after two years increased significantly in the order: Harris (64–71%) 
 Saskatoon 2 (80–96%) < Saskatoon 1 (>90%) (Figure 2). The survival of caragana was greater 
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than 95% at all the sites, except for the 1W:1C treatment at Harris which was 88% (Figure 3). 
Harris had significantly lower caragana survival compared to the Saskatoon sites.  
After two years of growth, willow stem height increased significantly in the order: 
Saskatoon 2 (76–119 cm)  Harris (120–136 cm)  Saskatoon 1 (153–178 cm) (Figure 2). 
Caragana stem height also increased significantly in the order: Harris (74–92 cm)  Saskatoon 2 
(101–124 cm)  Saskatoon 1 (134–145 cm) (Figure 3). Identical patterns were observed for stem 
diameter and canopy dimension (Figures 2 and 3) and individual willow and caragana dry matter 
production (Table 2).  
After four years, total and individual willow dry matter production of the plots increased 
significantly in the order: Saskatoon 2 < Harris < Saskatoon 1 (Table 3). The total and individual 
willow dry matter production of the pure willow plots and mixed treatments also followed this 
pattern across the sites. Individual caragana dry matter after four years was significantly greater 
at the Saskatoon sites than at Harris when comparing site averages although the pure plots 
exhibited similar dry matter across the sites (Table 3).  
Average soil water content increased in the order: Harris < Saskatoon 2 < Saskatoon 1 
and, at all sites, the average monthly soil water content decreased from June to August and then 
increased in September. Average soil water content at Harris, Saskatoon 2 and Saskatoon 1 was 
9%, 26% and 36%, respectively in June; 8%, 25% and 28%, respectively in July; 2%, 10% and 
12%, respectively in August; and 5%, 15% and 22%, respectively in September. Average soil 
temperatures averaged about 2.3°C higher at Harris (19.9°C) than at either Saskatoon 1 or 
Saskatoon 2 (17.7 and 17.5°C, respectively). As expected, average soil temperatures increased 
throughout the summer months (i.e., June through August), before cooling in September. 
Warming and cooling were more pronounced in Saskatoon 2 and Harris. Average soil 
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temperatures at Saskatoon 1, Saskatoon 2 and Harris was 16.2, 15.6 and 21.5°C, respectively in 
June; 18.6, 19.1 and 21.0°C, respectively in July; 20.5, 23.2 and 24.0°C, respectively in August; 
and 15.4, 11.9 and 13.1°C, respectively in September.  
Available soil N measured using the PRS™ probes (Figure 4) was, on average, greater at 
Saskatoon 1 (246 g 10-cm-2 month-1) and Harris (201 g 10-cm-2 month-1) than at Saskatoon 2 
(131 g 10-cm-2 month-1). Similar results were observed for the KCl-extractable N (Table 1). At 
both Saskatoon sites, available soil N decreased throughout the summer, before recovering 
somewhat during September (Figure 4). At Harris, available soil N also decreased from June to 
July, but then increased in August and September.  
Foliar N concentrations in willow were significantly higher at Harris than at either 
Saskatoon sites, and were higher at Saskatoon 1 than at Saskatoon 2 (Figure 5). Indeed, at Harris, 
foliar N concentrations were generally >3%, whereas at Saskatoon 2 they were <2%. Foliar N 
levels in caragana were generally higher than those in willow and decreased in the order: 
Saskatoon 1 > Saskatoon 2 > Harris (Figure 5). For both willow and caragana, 15N values for 
the leaves varied among sites, with the 15N decreasing in the order: Saskatoon 1 > Harris > 
Saskatoon 2 (Figure 6). Foliar 13C values of both willow and caragana also varied among sites, 
with foliage at the Saskatoon 2 site exhibiting significantly lower 13C values than foliage at 
either the Harris or Saskatoon 1 sites (Figure 6). 
Using the 15N natural abundance method, it was determined that the proportion of total 
N in the caragana leaves that originated from the atmosphere (i.e., N obtained from biological 
N2-fixation) in the pure plots ranged from 7–28% (mean of 22%) and 8–30% (mean of 19%) at 
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Harris and Saskatoon 2, respectively. At Saskatoon 1, all the N in the caragana leaves of the pure 
plots originated from the soil (i.e. Ndfa of 0%).  
Treatment effects. Within sites, the growth and survival of willow after two years was largely 
independent of treatment — this was especially true at the Harris site (Figure 2). Whereas some 
treatment differences were observed at the Saskatoon sites (i.e. stem height and canopy 
dimension at Saskatoon 2 and stem diameter (marginally significant differences) at Saskatoon 1), 
there was no consistent pattern. In fact, the two sites behaved quite differently, with willow 
growth variables decreasing at Saskatoon 1 and increasing at Saskatoon 2 with increasing density 
of caragana (Figure 2). At Saskatoon 1, individual willow dry matter production after two years 
also decreased significantly with increasing caragana density (results not shown).    
The treatments had very little impact on caragana growth variables after two years, except 
for Harris (Figure 3). Indeed, at Harris, there was a (small) significant decrease in survival of the 
caragana in the 1W:1C treatment relative to the other two treatments. Stem height, stem diameter 
and canopy dimension in the 2W:1C treatment at Harris were also marginally significantly lower 
than those in the 1W:1C and pure caragana treatments. Individual caragana dry matter yields 
were also larger in the pure caragana treatment at both Harris and Saskatoon 2, but the 
differences were not significant from the other treatments (results not shown). 
At Saskatoon 1, total dry matter production after four years was significantly greater in 
the pure willow and mixed treatments compared to the pure caragana plots, whereas the willow 
monocultures were significantly more productive than the other treatments at Harris (Table 3). 
The pure caragana plots yielded significantly more dry matter than the pure willow plots and 
2W:1C treatment at Saskatoon 2, whereas the 1W:1C treatment produced significantly more dry 
matter than the pure willow plots (Table 3). At that same site, individual willow dry matter 
15 
 
production after four years also increased significantly with increasing caragana density (Table 
3). Individual caragana dry matter after four years was significantly lower in the 2W:1C 
treatment than the other treatments at all sites (Table 3).    
Treatment effects were detected on foliar 15N only at Harris, and then only for the 
caragana. Indeed, foliar 15N of caragana were significantly higher in the pure and 1W:1C 
treatments compared to the 2W:1C treatment. No significant treatment effects on foliar N 
concentrations and 13C values were detected at any of the sites.  
The 2W:1C treatment at Harris and Saskatoon 2 showed the largest %Ndfa of all 
treatments with respective ranges of 43 to 62% (mean of 53%) and 8 to 58% (mean of 34%). The 
1W:1C treatment was similar to the pure caragana plots with a range of 1 to 34% (mean of 13%) 
at Harris and 0 to 30% (mean of 15%) at Saskatoon 2. At Saskatoon 1, only one 2W:1C plot 
showed a positive %Ndfa of caragana leaves (9%). All N in the willow leaves originated from 
the soil at both Saskatoon sites, whereas willow leaves in the mixed plots at Harris had %Ndfa 
varying between 2 and 33% (means of 24% and 13% in the 2W:1C and 1W:1C treatments, 
respectively).  
 
Discussion 
Willow Growth, Nitrogen Nutrition and Water Use Efficiency 
In terms of pure willow plots, Saskatoon 1 (15.6 t ha
-1
 of dry matter) and Harris (13.3 t 
ha
-1
) were the most productive sites, whereas Saskatoon 2 (1.24 t ha
-1
) was the least productive 
site (Table 3). The yields of the mixtures also followed this pattern across the sites. For 
northeastern USA, estearn Canada and Europe, willow SRIC generally produces between 5 and 
15 t dry matter ha
-1
 yr
-1
 [2; 14; 27; 37]. The yields are sometimes as high as 20 t ha
-1
 yr
-1
 [26]. 
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Since our data are for four years of growth, the yields measured in this study are either at the 
lower limit of this range (Saskatoon 1 and Harris) or well below (Saskatoon 2). Yet, the yields at 
Saskatoon 1 and Harris are about average for SRIC of willow in the Prairie Provinces [14]. This 
reflects in part the harsh growing conditions in the Saskatoon area with low rainfall and a shorter 
growing season than in eastern Canada and northeastern USA. The very low yields at Saskatoon 
2 can also be linked to soil quality. Willow generally responds favourably to fertilization, 
particularly to N [4; 25], but responses to fertilization can be delayed by up to 10 years on fertile 
arable land [36]. Foliar N levels of S. eriocephala, S. exigua, and S. Lucida grown with a nutrient 
solution maintained at optimum levels for the species were respectively 28.4, 35.4 and 28.0 mg 
g
-1
 of dry weight [51]. Willow at Saskatoon 1 and Harris benefited from high soil N availability, 
which favoured high foliar N concentrations (25.0–32.4 mg g-1) relative to the willow leaves at 
Saskatoon 2 (14.3–16.2 mg g-1) (Figure 5). The foliar N concentrations measured at Harris and 
Saskatoon 1 are within the optimal range as proposed by Simon et al., which obviously benefited 
the shrubs in terms of dry matter production. At Saskatoon 2, however, foliar N concentrations 
are much lower than optimums and thus, willow growth was significantly impaired.   
Fast growing willows require a steady supply of water for maximum growth. Lindroth 
and Båth [28] reported that S. viminalis produces about 6.3 g of dry mass per kg of water 
transpired when nutrients are not a limiting factor. Using the equation for stem dry matter 
production developed by Lindroth and Båth (with summer precipitation of ~250 mm and a 
fraction of precipitation released as transpiration estimated with the BioSim model [42] of 0.50), 
about 20 t ha
-1
 of dry matter should be produced in the Saskatoon area over a 4 year period if we 
assume similar WUE between S. viminalis and S. miyabeana. The measured willow yields at 
Harris and Saskatoon 1 are slightly below these estimates, but the yields at Saskatoon 2 are 
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largely below despite similar climatic conditions. This means that willow growth at these sites is 
not linked to water availability as initially assumed. It is rather restricted by degree-days at 
Saskatoon 1 and Harris and highly restricted by N availability at Saskatoon 2.  
Plant tissue δ13C is often used as a proxy for water stress of plants and WUE [30; 32]. It 
is determined by whether plant stomata are open or closed, with δ13C rising when the more 
closed they are to reduce transpiration in periods of water stress. A less negative δ13C value 
therefore generally indicates higher WUE. Large differences in WUE were found among young 
willow cultivars artificially exposed to water stress [63; 64]. Cultivars generally showed greater 
WUE under water stress. Conversely, Schifman et al. [47] showed small differences in δ13C 
values under field conditions but the willow cultivars with the largest range in 13C had higher 
survival under drier conditions, suggesting that some cultivars have a greater ability to increase 
WUE during temporary drought. Using genotypes that combine both high productivity and WUE 
is considered an advantage in semi-arid areas, especially in the context of climate change.   
In our study, the more productive pure willow plots at Saskatoon 1 and Harris had the 
least negative foliar 13C values, whereas the least productive willow plots at Saskatoon 2 had 
the most negative values (Figure 6). According to 13C theory, it thus seems consistent that 
willow had greater WUE (or less negative 13C) at Harris due to the low soil water content (2–
9%), but not at Saskatoon 1 as this site exhibited the greatest soil moisture (12–36%). Similarly, 
Schifman et al. [47] showed that 13C values in willow wood were not only negatively related to 
growing season precipitation but also positively related to plant canopy age and stem size. There 
are three main drivers likely to explain the fact that 13C values increase at the most productive 
sites : (1) Leaf photosynthetic capacity — several studies showed positive relationships between 
N uptake, 13C, WUE and dry matter production of conifers and deciduous trees [e.g., 13; 
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29]. These relationships are consistent with the fact that leaf photosynthetic capacity and plant 
dry matter production are favoured by high N nutrition and that higher photosynthetic capacity 
tends to maintain lower CO2 concentrations inside the leaves, thus yielding less negative foliar 
δ13C; (2) Canopy irradiance regime — because Saskatoon 1 and Harris also had much taller 
shrubs, these sites likely had greater leaf area. A greater irradiance regime at Saskatoon 1 and 
Harris could thus partly explain the greater δ13C values as it controls canopy (leaf) temperature, 
vapour pressure deficit and thus transpiration rates [62]. If more intense radiation augments 
transpiration rates, then leaves are likely to close their stomata more often; and (3) Plant age 
and/or size — as plants become older and/or larger, recent literature suggests that water demand 
increases and this is generally accompanied with an increase in WUE (or δ13C) [e.g. 47; 56].  
At Saskatoon 1 and Harris where plants were larger and leaf photosynthetic capacity and 
canopy irradiance regime likely also high, the foliar δ13C values were less negative and suggest 
efficient WUE. At Saskatoon 2, which showed moderate soil water content, the willow plants did 
not nearly grow as fast and developed much smaller canopies, and thus, the more negative 13C 
values that developed suggest more prodigal WUE. The differences in growth rates between the 
sites are so large that the pattern in δ13C values and WUE seemed to be controlled by intrinsic 
plant factors as opposed to extrinsic factors such as precipitation and/or soil water (as in other 
studies that induced drought artificially [63; 64]). Willow species are not generally very drought 
tolerant because of their shallow rooting habits [58] and Adegbidi et al. [3] showed that biomass 
production in irrigated willow plots in New York state was increased by about 3-fold. Our results 
indicate that water demand of the willow is still low because of their juvenile state and that water 
stress did not affect the growth over a two year period. As water demand increases with 
plantation age, the impacts of water stress on growth could potentially be indicated by reduced 
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13C values in this semi-arid environment. Our results indicate, however, that WUE as inferred 
with 13C must be interpreted with care due to the possible effects of photosynthesis (rates) and 
shrub size. 
    
Caragana Growth and Atmospheric N2-Fixation 
Growth differences in pure plots of Caragana arborescens were much smaller between 
the sites (~9 t ha
-1
 over 4 years) compared to willow. Overall, dry matter production of caragana 
was 30 to 40% lower than willow at the two most productive sites but it was at least 7-fold larger 
at Saskatoon 2. This indicates that caragana is generally well adapted to the (long) cold winters 
and dry conditions of the Canadian Prairies and can produce reasonable yields on soils with low 
N availability (e.g. Saskatoon 2) due to its N2-fixing ability [48]. Similar to willow, caragana 
growth after two years was correlated to foliar N concentrations, although the concentration 
range was relatively small (32 to 39 mg g
-1
, Figure 5). Unlike willow, however, foliar N 
concentrations were not correlated to available soil N after 2 years — caragana at Saskatoon 2 
had greater productivity and foliar N than at Harris, whereas Saskatoon 1, similar to willow, had 
the highest productivity and foliar N. The growth of plants is optimal when N is supplied in both 
NH4
+
 and NO3
-
 forms [8], but NH4
+
 concentrations of soils are often 10-1000 times lower than 
those of NO3
-
 [33]. Despite lower available and KCl-extractable soil N, Saskatoon 2 was the only 
site to show a large pulse (July) of NH4
+
 during the growing season, creating a mean molar 
NH4
+
/NO3
-
 ratio of 2.3 for all 4 treatments (results not shown). This ratio was much smaller for 
June, August and September (0.05) but still higher than the ratio of 0.02 calculated at the two 
other sites. Despite that most plants preferentially take up NH4
+
 when both forms are present (as 
NH4
+
 requires less energy for uptake and assimilation than NO3
-
, whereas NO3
-
 has to be reduced 
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prior to assimilation) and that this phenomena occurs even if NH4
+
 is present at lower 
concentrations than NO3
–
 (as generally seen in our soils) [60], the higher molar NH4
+
/NO3
-
 ratios 
at Saskatoon 2 likely modulated a higher NH4
+
 uptake and foliar N levels in the caragana. It is 
reasonable to think that the soil would provide a large part of the N required for growth in the 
early development stages of caragana, before root nodules have fully developed and significant 
N2-fixation started to take place, thus explaining the correlation between foliar N and plant 
growth. However, after 4 years of growth, the more homogeneous caragana yields between the 
sites suggest a larger role of root nodules and N2-fixation to satisfy the plant’s N requirement.       
When harvesting the stems to determine relative dry matter production, a few caragana 
roots were excavated at Saskatoon 2 and well formed root nodules were observed. Using the 
15N natural abundance method to assess the percentage of total N in the leaves that was derived 
from the atmosphere (%Ndfa), it was determined that 0 to 58% of the N in caragana leaves at 
Saskatoon 2 was derived from biological N fixation. The %Ndfa at Saskatoon 2 was higher than 
%Ndfa at Saskatoon 1 (0%) but overlapped with %Ndfa at Harris (1–62%). The %Ndfa in 
caragana leaves at Saskatoon 2 and Harris was also generally higher in the 2W:1C than the pure 
or 1W:1C plots. In a study of the N2-fixing ability of eight Acacia senegal provenances grown 
from seeds for 3 years, Raddad et al. [41] showed that %Ndfa was greater for provenances 
collected from the area of N poor sandy soils relative to those collected from a clayey soil area 
with higher N availability. The provenances from sandy soils started fixing atmospheric N2 
earlier than the provenances originating from the clayey area. Thomas et al. [55] investigated 
nodulation and N2 fixation from a tropical legume shrub (Gliricidia sepium) in controlled 
conditions and also reported that high N availability had an inhibitory effect in both nodule 
production and nitrogenase activity. According to Dommergues [12], when the amount of 
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available N in the soil exceeds a certain threshold, soil N is preferred over atmospheric N2 for 
meeting the N requirements of legume trees/shrubs. The %Ndfa results along with the average 
caragana yields at Saskatoon 2 validate that the N2-fixing potential of caragana root nodules is 
greater at N poor sites. The fact that the %Ndfa at Saskatoon 2 and Harris was greater in the 
2W:1C than in the pure caragana and 1W:1C plots also suggests that greater competition for soil 
N by the willow favoured nodulation of the caragana roots and augmented N2-fixation rates.   
Although a few studies assessed the N fixation potential of caragana using the acetylene 
reduction method [21, 59], we are unaware of literature reporting the %Ndfa of Caragana spp. 
The %Ndfa for Harris and Saskatoon 2 are generally lower than field studies conducted on 
mature legume shrubs (e.g., Prosopis spp. in Shearer et al. [50]; Caesalpiniaceae, Mimosaceae, 
and Papilionaceae spp. in Roggy et al. [44]). However, they fall within the range reported for 
Acacia species after 2 years or less of growth [41], and are similar to the values reported by 
Schulze et al. [49] for Acacia species along a moisture gradient in Namibia (i.e., 10–30 %Ndfa). 
Whether the N2-fixing capacity of caragana in the intercropped system will increase in the mid 
term as the nodules develop [41] or will decrease in the long term as N availability in the system 
increases [12, 53] remains to be tested.  
Interestingly, it is at the N poor Saskatoon 2 site that mixing caragana and willow had a 
positive effect on willow growth and yield — increasing the percentage of caragana in the plots 
from 33% to 50% resulted in greater willow stem height and canopy dimension (Figure 2) as 
well as individual willow dry matter production after four years (Table 3). The benefits of 
introducing caragana on available soil N were not statistically detected at Saskatoon 2 possibly 
because of the large variation in the data set (Figure 4), nor were the benefits on willow foliar N 
levels observed because of a blocking effect (Figure 5). Also, the increased willow growth 
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potentially had a dilution effect on foliar N concentrations as the canopy became larger [45]. As 
a whole, however, the total amount of N contained in the willow canopy after two years followed 
the same pattern as canopy size: 646 mg N shrub
-1
 in the 1W:1C treatment, 452 mg N shrub
-1
 in 
the 2W:1C treatment and 276 mg N shrub
-1
 in the pure willow treatment (measured from 
individual willow dry leaf matter after two years of growth). Our results on growth variables are 
thus consistent with other studies that show the benefits of introducing N2-fixing species (i.e. 
Casuarina equisetifolia and Leucaena leucocephala) on the early nutrition and growth (2 years) 
of Eucalyptus robusta [39] and understory vegetation [57] on relatively poor soils. We suggest 
that a similar effect can be observed in the short term in SRIC of willow when mixed with the 
N2-fixing Caragana arborescens. 
On the other hand, at the most productive Saskatoon 1 site, mixing willow with caragana 
had a negative effect on willow growth and yield — willow stem diameter and individual willow 
dry matter production after two years declined when the percentage of caragana in the plots was 
increased from 33% to 50%. The Saskatoon 1 site may provide insights as to how willow and 
caragana interact and compete for N and light on productive soils. With high N uptake (based on 
dry matter production relative to willow and foliar N concentrations of ~4% for all treatments), 
together with the fact that it did not fix appreciable amounts of atmospheric N, caragana was in 
direct competition with willow for soil N. Again, no difference in willow foliar N concentrations 
was detected between treatments. But based on individual willow dry leaf matter measured after 
two years and foliar N levels, we estimate that willow shrubs absorbed in their canopy 43.5 g N 
plot
-1
 in the 1W:1C treatment, 85.5 g N plot
-1
 in the 2W1:C treatment and 132 g N plot
-1
 in the 
pure willow treatment. In the case of caragana, we estimate that the shrubs absorbed in their 
canopy 81.6 g N plot
-1
 in the 1W:1C treatment and 86.1 g N plot
-1
 in the 2W1:1C treatment. 
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When averaged over the whole plot, caragana took up 65% of the total leaf N in the 1W:1C 
treatment and 50% in the 2W:1C treatment despite fewer shrubs, which indicates the significant 
uptake of N by the species at this site.   
The decrease in willow stem diameter and individual willow dry matter after two years 
that accompanied an increase in caragana in the intercropped plots at Saskatoon 1 could also be 
indicative of some competition for light. Willow and caragana are both shade-intolerant species, 
but because of its N2-fixing ability, caragana is potentially a better competitor than willow, the 
latter being generally considered a poor competitor for nutrients, water and light [2]. During the 
third year of growth, however, we began to observe signs of caragana canopy decline in the 
mixtures at Saskatoon 1. When these were harvested in the spring of 2011 after four full years of 
growth, individual willow dry matter production had become similar between treatments, 
whereas individual caragana dry matter was lower in the 2W:1C treatment (Table 3). There was 
also some evidence of caragana dieback in the mixtures, which was validated during the summer 
as most caragana did not regenerate after coppicing. We do not suspect that the full dieback of 
caragana at the start of the second rotation was associated with its low tolerance to coppice 
because the caragana at Harris and Saskatoon 2 regenerated strongly after the harvest. Rather, the 
results suggest that willow can outcompete caragana for light on productive soils as it tends to 
put much more apical growth than caragana later in the first rotation and early in the second 
rotation. In this respect, N constraints only had a marginal short term effect on willow growth at 
that site. At Saskatoon 2 and Harris, the 2W:1C treatment also had lower caragana dry matter 
(Table 3), but the shade created by the willow was not severe enough to lead to some caragana 
dieback after a full rotation. In conclusion, it seems more appropriate to intercrop these two 
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species on less productive soils as caragana is more likely to add N to the system via atmospheric 
N2-fixation and is less likely to be shaded out by the willow in the next rotation.   
 
Acknowledgements This study was funded through a Natural Sciences and Engineering Research Council of 
Canada Strategic Project Grant and the Saskatchewan Ministry of Agriculture Strategic Research Program. We are 
grateful to M. Emigh, N. Robertson, M. Cook, J. Ens, R. Hangs, B. Pinno, B. Amichev, S. Konecsni, C. Stadnyk, D. 
Jackson and L. Pennock for their help with planting the sites and other field work. We also thank M. Stocki in the 
Stable Isotope Laboratory in the Department of Soil Science at the University of Saskatchewan for foliage C and N 
isotopes analysis as well as B. Goetz and R. De Freitas for their assistance with other soil and foliage analyses. 
Finally, we thank the four anonymous reviewers which provided thoughtful suggestions to help improve the paper 
and B. Lafleur for commenting on the revised manuscript.   
 
References 
1. Abrahamson LP, Robison DJ, Volk TA, White EH, Neuhauser EF, Benjamin WH, Peterson 
JM (1998) Sustainability and environmental issues associated with willow bioenergy 
development in New York (U.S.A.). Biomass Bioenergy 15:17-22. 
2. Abrahamson LP, Volk TA, Kopp RF, White EH, Ballard JL (2002) Willow biomass 
producer’s handbook. State University of New York. 
3. Adegbidi HG, Volk TA, White EH, Abrahamson LP, Briggs RD, Bickelhaupt DH (2001) 
Biomass and nutrient removal by willow clones in experimental bioenergy plantations in 
New York State. Biomass Bioenergy 20:399-411. 
4. Adegbidi HG, Briggs RD, Volk TA, White EH, Abrahamson LP (2003) Effect of organic 
amendments and slow-release nitrogen fertilizer on willow biomass production and soil 
chemical characteristics. Biomass and Bioenergy 25:389-398. 
25 
 
5. Aravanopoulos FA, Kim KH, Zsuffa L (1999) Genetic diversity of superior Salix clones 
selected for intensive forestry plantations. Biomass Bioenergy 16:249-255. 
6. Aronsson PG, Bergström LF (2001) Nitrate leaching from lysimeter-grown short-rotation 
willow coppice in relation to N-application, irrigation and soil type. Biomass Bioenergy 
21:155-164. 
7. Bauhus J, Van Winden APV, Nicotra AB (2004) Aboveground interactions and productivity 
in mixed-species plantations of Acacia mearnsii and Eucalyptus globulus. Canadian Journal 
of Forest Research 34:686-694. 
8. Bloom AJ, Jackson LE, Smart DR (1993) Root growth as a function of ammonium and 
nitrate in the root zone. Plant Cell Environment 16:199-206. 
9. Börjesson P, Berndes G (2006) The prospects for willow plantations for wastewater 
treatment in Sweden. Biomass Bioenergy 30:428-438. 
10. Crutzen PJ, Mosier AR, Smith KA, Winiwarter W (2008) N2O release from agro-biofuel 
production negates global warming reduction by replacing fossil fuels. Atmospheric 
Chemistry and Physics 8:389-395.  
11. Devine WD, Harrington CA, DeBell DS (2010) Intra-annual growth and mortality of four 
Populus clones in pure and mixed plantings. New Forests 39:287-299.  
12. Dommergues YR (1995) Nitrogen fixation by trees in relation to soil nitrogen economy. 
Nutrient Cycling in Agroecosystems 42:215-230. 
13. Duursma RA, Marshall JD (2006) Vertical canopy gradients in 13C correspond with leaf 
nitrogen content in a mixed-species conifer forest. Trees 20:496-506. 
14. Ens J, Farrell RE, Bélanger N Controls of edaphic conditions on site quality for willow (Salix 
spp.) plantations across a large climatic gradient in Canada. Submitted. 
26 
 
15. Forrester DI, Bauhus J, Cowie AL, Vanclay JL (2006) Mixed-species plantations of 
Eucalyptus with nitrogen-fixing trees: A review. Forest Ecology and Management 233:211-
230. 
16. Galiana A, Balle P, Kang AN, Domenach AM (2002) Nitrogen fixation estimated by the 15N 
natural abundance method in Acacia mangium Willd. inoculated with Bradyrhizobium sp. 
and grown in silvicultural conditions. Soil Biology and Biochemistry 34:251-262. 
17. Gruenewald H, Brandt BKV, Schneider BU, Bens O, Kendzia G, Hüttl RF (2007) 
Agroforestry systems for the production of woody biomass for energy transformation 
purposes. Ecological Engineering 29:319-328. 
18. Hardarson G, Danso SKA (1990) Use of 15N methodology to assess biological nitrogen 
fixation. In: Hardarson G (ed) Use of nuclear techniques in studies of soil-plant relationships, 
International Atomic Energy Agency, Vienna, pp. 129-160. 
19. Hendershot WH, Lalande H, Duquette M (2007) Ion exchange and exchangeable cations. In: 
Carter MR, Gregorich EG (eds) Soil sampling and methods of analysis, 2
nd
 ed., CRC Press, 
Boca Raton, pp. 197-206. 
20. Henderson DC, Chapman R (1996) Caragana arborescens invasion in Elk Island National 
Park, Canada. Natural Areas Journal 26:261-266 
21. Hensley DL, Carpenter PL (1979) The effect of temperature on N2 fixation (C2H2 
reduction) by nodules of legume and actinomycete-nodulated woody species. Botanical 
Gazette 140:558-564. 
22. Hynes, RK, Moukoumi J, Dumonceaux TJ, Town J, Bélanger N, Farrell R Nodulation and 
symbiotic nitrogen fixation in Caragana arborescens by Mesorhizobium loti. Submitted. 
27 
 
23. Johansson DJA, Azar C (2007) A scenario based analysis of land competition between food 
and bioenergy production in the US. Climatic Change 82:267-291. 
24. Jug A, Hofmann-Schielle C, Makeschin F, Rehfuess KE (1999) Short-rotation plantations of 
balsam poplars, aspen and willows on former arable land in the Federal Republic of 
Germany. II. Nutritional status and bioelement export by harvested shoot axes. Forest 
Ecology and Management 121:67-83 
25. Labrecque M, Teodorescu TI, Daigle S (1998) Early performance and nutrition of two 
willow species in short-rotation intensive culture fertilized with wastewater sludge and 
impact on the soil characteristics. Canadian Journal of Forest Research 28:1621-1635. 
26. Labrecque M, Teodorescu TI (2003) High biomass yield achieved by Salix clones in SRIC 
following two 3-year coppice rotations on abandoned farmland in southern Quebec, Canada. 
Biomass Bioenergy 25:135-146. 
27. Labrecque M, Teodorescu TI (2005) Field performance and biomass production of 12 willow 
and poplars in short-rotation coppice in southern Quebec (Canada). Biomass Bioenergy 29:1-
9.  
28. Lindroth A, Bath A. (1999) Assessment of regional willow coppice yield in Sweden on basis 
of water availability. Forest Ecology Management 121:57-65. 
29. Livingston NJ, Guy RD, Sun ZJ, Ethier GJ (1999) The effects if nitrogen stress on the stable 
carbon isotope composition, productivity and water use efficiency of white spruce (Picea 
glauca (Moench) Voss) seedlings. Plant Cell Environment 22:281-289.  
30. Macfarlane C, Adams MA, White DA (2004) Productivity, carbon isotope discrimination and 
leaf traits of trees of Eucalyptus globulus Labill. in relation to water availability. Plant, Cell 
and Environment 27:1515-1524.  
28 
 
31. Marini RP (1999) Are non significant differences really not significant. Horticulture Science 
34:761-767. 
32. Monclus R, Dreyer E, Villar M, Delmotte FM, Delay D,  Petit J-M, Barbaroux C, Le Thiec 
D, Bréchet C, Brignolas F (2006) Impact of drought on productivity and water use efficiency 
in 29 genotypes of Populus deltoides × Populus nigra. New Phytologist 169:765–777 
33. Marschner HL (1995) Mineral Nutrition in Higher Plants. London: Academic Press. 
34. Maynard DG, Kalra YP, Crumbaugh JA (2007) Nitrate and exchangeable ammonium 
nitrogen. In: Carter MR, Gregorich EG (eds) Soil sampling and methods of analysis, 2
nd
 ed.,  
CRC Press, Boca Raton, pp. 71-80. 
35. McNulty SG, Swank WT (1995) Wood δ13C as a measure of annual basal area growth and 
soil water stress in a Pinus strobus forest. Ecology 76:1581-1586.  
36. Mitchell CP, Stevens EA, Watters MP (1999) Short-rotation forestry - operations, 
productivity and costs based on experience gained in the UK. Forest Ecology and 
Management 121:123-136. 
37. Mola-Yudego B (2010) Regional potential yields of short rotation willow plantations on 
agricultural land in northern Europe. Silva Fennica 44:63-76. 
38. Olsen SR, Cole CV, Watanabe FS, Dean LA (1954) Estimation of available phosphorus in 
soils by extraction with sodium bicarbonate. Circular no. 939, USDA, Washington. 
39. Parrotta JA (1999) Productivity, nutrient cycling, and succession in single- and mixed-
species plantations of Casuarina equisetifolia, Eucalyptus robusta, and Leucaena 
leucocephala in Puerto Rico. Forest Ecology and Management 124:45-77. 
40. Qian P, Schoenau JJ (2002) Practical applications of ion exchange resins in agriculture and 
environmental soil research. Canadian Journal of Soil Science 82:9-21. 
29 
 
41. Raddad EAY, Salih AA, El Fadl MA, Kaarakka V, Luukkanen O (2005) Symbiotic nitrogen 
fixation in eight Acacia senegal provenances in dryland clays of the Blue Nile Sudan 
estimated by the 
15
N natural abundance method. Plant and Soil 275:261-269. 
42. Régnière J (1996) A generalized approach to landscape-wide seasonal forecasting with 
temperature-driven simulation models. Environmental Entomology 25:869-881. 
43. Robinson, BH, Mills TM, Petit D, Fung LE, Green SR, Clothier BE (2000) Natural and 
induced cadmium-accumulation in poplar and willow: Implications for phytoremediation. 
Plant and Soil 227:301-306.  
44. Roggy JC, Prévost MF, Garbaye J, Domenach AM (1999) Nitrogen cycling in the tropical 
rain forest of French Guiana: comparison of two sites with contrasting soil types using δ15N. 
Journal of Tropical Ecology 15:1-22. 
45. Salifu KF, Timmer VR (2001) Nutrient retranslocation response of Picea mariana seedlings 
to nitrogen supply. Soil Science Society of America Journal 65:905-913.  
46. Saskatchewan Land Resource Unit (2004) SKSISv2, Digital Soil Resource Information for 
Agricultural Saskatchewan, 1:100,000 scale. Agriculture and Agri-Food Canada, Saskatoon. 
47. Schifman LA, Stella JC, Volk TA, Teece MA (2012) Carbon isotope variation in shrub 
willow (Salix spp.) Ringwood as an indicator of long-term water status, growth and survival. 
Biomass and Bioernergy 36:316-326. 
48. Schroeder WR (1988) Planting and establishment of shelterbelts in humid severe-winter 
regions. Agriculture, Ecosystems and Environment 22-23:441-463.  
49. Schulze ED, Gebauer G, Ziegler H, Lange OL (1991) Estimates of nitrogen fixation by trees 
on an aridity gradient in Namibia. Oecologia 88:451-455. 
30 
 
50. Shearer G, Kohl DH, Virginia RA, Skeeters JL, Nilsen ET, Sharif MR, Rundel PW (1983) 
Estimates of N2 fixation from variation in the natural abundance of 
15
N in Sonorian desert 
ecosystem. Oecologia 56:365-373. 
51. Simon M, Zsuffa L, Burgess D (1990) Variation in N, P, and K status and N efficiency in 
some North American willows. Canadian Journal of Forest Research 20:1888-1893. 
52. Stewart GR, Turnbull MH, Schmidt S, Erskine PD (1995) 13C natural abundance in plant 
communities along a rainfall gradient: a biological integrator of water availability. Australian 
Journal of Plant Physiology 22:51-55. 
53. Su Y-Z, Zhao H-L (2003) Soil properties and plant species in an age sequence of Caragana 
microphylla plantations in the Horqin Sandy Land, north China. Ecological Engineering 
20:223-235. 
54. Tharakan PJ, Volk, TA, Nowak CA, Abrahamson LP (2005) Morphological traits of 30 
willow clones and their relationship to biomass production. Canadian Journal of Forest 
Research 35:421-431.  
55. Thomas RB, Bashkin MA, Richter DD (2000) Nitrogen inhibition of nodulation and N2 
fixation of a tropical N2-fixing tree (Gliricidia sepium) grown in elevated atmospheric CO2. 
New Phytologist 145:233-243. 
56. Vaganov EA, Schulze ED, Skomarkova MV, Knohl A, Brand WA, Roscher C (2009) Intra-
annual variability of anatomical structure and d
13
C values within tree rings of spruce and pine 
in alpine, temperate and boreal Europe. Oecologia 161:729-745. 
57. Van Kessel C., Farrell RE, Roskoski JP, Keane KM (1994) Recycling of the naturally-
occurring 
15
N in an established stand of Leucaena leucocephala. Soil Biology and 
Biochemistry 26:757-762. 
31 
 
58. Van Splunder I, Voesenek LACJ, Coops H, De Vries XJA, Blom CWPM (1996) 
Morphological responses of seedlings of four species of Salicaceae to drought. Canadian 
Journal of Botany 74:1988-1995. 
59. Vlassak K, Paul EA, Harris RE (1973) Assessment of biological nitrogen fixation in 
grassland and associated sites. Plant and Soil 38:637-649. 
60. von Wiren N, Gazzarrini S, Gojon A, Frommer W (2000) The molecular physiology of 
ammonium uptake and retrieval. Current Opinions in Plant Biology 3:254-261.  
61. Vujanovic V, Labrecque M (2008) Potentially pathogenic and biocontrol Ascomycota 
associated with green wall structures of basket willow (Salix viminalis L.) revealed by 
phenotypic characters and ITS phylogeny. BioControl 53:413-426.  
62. Walcroft AS, Silvester WB, Grace JC, Carson SD, Waring RH (1996) Effects of branch 
length on carbon isotope discrimination in Pinus radiata. Tree Physiology 16:281-286. 
63. Wikberg J, Ogren E (2007) Variation in drought resistance, drought acclimation and water 
conservation in four willow cultivars used for biomass production. Tree Physiology 27:1339-
1346. 
64. Weih M, Nordh NE (2002) Characterising willows for biomass and phytoremediation: 
growth, nitrogen and water use of 14 willow clones under different irrigation and fertilisation 
regimes. Biomass Bioenergy 23:397-413. 
65. Yamamuro M, Kayanne H (1995) Rapid Direct Determination of Organic Carbon and 
Nitrogen in Carbonate-Bearing Sediments with a Yanaco MT-5 CHN Analyzer. Limnology 
and Oceanography 40:1001-1005. 
32 
 
Table 1. General description of the three study sites.  
 Latitude/ 
longitude 
Elevation 
(m) 
Degree 
days (C 
per year) 
Summer 
precipitation 
(mm) 
Soil pH Soil texture 
(%sand/%clay) 
Soil 
organic 
C (%) 
C:N ratio Extractable 
NO3-N (mg 
kg
-1
) 
Cultural 
history (last 
5 years) 
Harris 51º67’N 
107º66’W 
541 1555(30.3) 291(134) 5.90(0.04) Loamy sand 
(85.4/8.6) 
1.18(0.03) 9.51(0.13) 27.9(2.72) Wheat and 
canola 
(broadcast N 
and P 
fertilization) 
Saskatoon 
1 
52º13’N 
106º61’W 
587 1570(40.9) 320(117) 7.87(0.03) Clay  (13.0/67.4) 3.14(0.04) 8.90(0.12) 34.0(2.41) Oats and 
barley 
(broadcast N 
and P 
fertilization) 
Saskatoon 
2 
52º09’N 
106º46’W 
510 1609(39.1) 288(102) 8.20(0.02) Sandy clay loam 
(52.3/32.9) 
1.73(0.02) 10.5(0.14) 7.53(0.78) Hay and tree 
nursery (bag 
fertilization) 
*Degree-days (base of 5C) and summer precipitation are averages modelled from the yearly 2007 and 2010 data using the hydroclimatological model BioSIM 
[42]. Soil data (0-10 cm) are from all the samples collected prior to planting. Values in parentheses are standard errors of the mean. 
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Table 2. Leaf, stem and total (leaf + stem) individual willow and caragana dry matter (DM) production at the three sites after two 
growing seasons. 
 Leaf DM Stem DM Total 
aboveground 
DM 
Leaf DM Stem DM Total 
aboveground 
DM 
 ————————————————  (g shrub-1)  ———————————————— 
—————— Willow —————— —————— Caragana —————— 
Harris 42.4(5.84)b 74.9(10.7)b 117.3(16.5)b 25.9(2.94)c 64.0(8.14)c 89.9(11.0)c 
Saskatoon 1 119.8(8.70)a 233.4(22.0)a 353.2(30.3)a 94.4(9.58)a 264.2(29.6)a 358.6(38.4)a 
Saskatoon 2 30.2(5.62)b 49.3(11.4)b 79.5(17.0)b 54.9(6.65)b 127.8(10.2)b 182.7(16.4)b 
Table footnote: W: willow, C: caragana. Values in parentheses indicate standard error. A significant difference between the sites is indicated by different letters 
within a column.  
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Table 3. Total (willow+caragana) and individual willow aboveground dry matter (DM) production at the three study sites after four 
growing seasons. 
 Treatment Willow 
aboveground DM 
Caragana 
aboveground DM 
Total 
aboveground DM 
  —— g shrub-1 —— t ha-1 
Harris W 580.7(51.9) - 13.3(1.19)a 
2W:1C 461.5(61.5) 106.9(17.9)b 8.66(0.67)b 
1W:1C 489.8(55.6) 318.4(78.4)a 9.24(0.39)b 
C - 360.5(45.1)a 8.24(1.03)b 
Site average 510.7(35.9)B 261.9(78.4)B 9.85(0.71)B 
Saskatoon 1 W 680.2(76.2) - 15.6(1.74)a 
2W:1C 748.6(28.5) 274.4(29.4)b 15.6(0.04)a 
1W:1C 605.5(17.1) 530.6(33.2)a 13.0(0.36)a 
C - 394.1(38.8)a 9.01(0.89)b 
Site average 678.1(41.3)A 399.7(74.0)A 13.3(0.96)A 
Saskatoon 2 W 54.3(29.4)b - 1.24(0.67)c 
2W:1C 98.2(24.3)a 154.9(29.7)b 3.86(0.56)b 
1W:1C 195.6(105.9)a 370.6(46.8)a 6.47(1.32)ab 
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Table footnote: W: willow, C: caragana, irr: irrigation. Values in parentheses indicate standard error. "Site average" values are the mean (and standard error) for 
the site, averaged across treatments, and are compared between sites—a significant difference between the sites is indicated by different capital letters within a 
column. Within sites, a significant difference between treatments is indicated by different lower case letters within a column. 
 
 
 
 
 
 
 
 
 
 
 
 
C - 388.7(49.0)a 8.89(1.12)a 
Site average 116.0(41.7)C 304.7(75.1)AB 5.11(0.91)C 
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Figure 1. Experimental layout for the 2W:1C and 1W:1C treatments at the Harris, Saskatoon 1 
and Saskatoon 2 sites. Note that the black squares are willow buffer trees. 
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Figure 2. Stem height (A), stem diameter (B), canopy diameter (C) and survival rate (D) for 
willow (W) in monoculture and intercropped with caragana (C) at the Harris, Saskatoon 1 and 
Saskatoon 2 sites. Within sites, treatments identified with different letters are significantly 
different averages at the α = 0.10 level of probability. Site differences (averaged across 
treatments) are listed at the top of each panel.  
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Figure 3. Stem height (A), stem diameter (B), canopy diameter (C) and survival rate (D) for 
caragana (C) in monoculture and intercropped with willow (W) at the Harris, Saskatoon 1 and 
Saskatoon 2 sites. Within sites, treatments identified with different letters are significantly 
different averages at the α = 0.10 level of probability. Site differences (averaged across 
treatments) are listed at the top of each panel. 
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Figure 4. Available soil nitrogen ([NO3+NH4]-N) at the Harris, Saskatoon 1 and Saskatoon 2 
sites measured using PRS
TM
-probes. Within sites, months identified with different letters are 
significantly different at the α = 0.10 level of probability. 
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Figure 5. Foliar concentrations of nitrogen in willow (A) and caragana (B) at the Harris, 
Saskatoon 1 and Saskatoon 2 sites. Within sites, treatments identified with different letters are 
significantly different at the α = 0.10 level of probability. Site differences (averaged across 
treatments) are listed at the top of each panel. 
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Figure 6. Foliar 15N and 13C of willow (A, C) and caragana (B, D) at the Harris, Saskatoon 1 
and Saskatoon 2 sites. Within sites, treatments identified with different letters are significantly 
different at the α = 0.10 level of probability. Site differences (averaged across treatments) are 
listed at the top of each panel. 
